Behavioral and physiological coupling between energy balance and fluid homeostasis is critical for survival. The orexigenic hormone ghrelin has been shown to stimulate the secretion of the osmoregulatory hormone vasopressin (VP), linking nutritional status to the control of blood osmolality, although the mechanism of this systemic crosstalk is unknown. Here, we show using electrophysiological recordings and calcium imaging in rat brain slices that ghrelin stimulates VP neurons in the hypothalamic paraventricular nucleus (PVN) in a nutritional state-dependent manner by activating an excitatory GABAergic synaptic input via a retrograde neuronal-glial circuit. In slices from fasted rats, ghrelin activation of a postsynaptic ghrelin receptor, the growth hormone secretagogue receptor type 1a (GHSR1a), in VP neurons caused the dendritic release of VP, which stimulated astrocytes to release the gliotransmitter adenosine triphosphate (ATP). ATP activation of P2X receptors excited presynaptic GABA neurons to increase GABA release, which was excitatory to the VP neurons. This trans-neuronal-glial retrograde circuit activated by ghrelin provides an alternative means of stimulation of VP release and represents a novel mechanism of neuronal control by local neuronal-glial circuits. It also provides a potential cellular mechanism for the physiological integration of energy and fluid homeostasis.
Introduction
Ghrelin is often referred to as the hunger hormone, as it is the only known nutritional signal from the gut to the brain that is orexigenic. Ghrelin is released during negative energy balance and strongly activates feeding behavior by acting on the growth hormone secretagogue receptor (GHS-R) in the hypothalamus (Kojima et al., 1999; Cummings et al., 2001; Sugino et al., 2002b) . Blood levels of ghrelin increase in anticipation of an expected meal (Cummings et al., 2001; Sugino et al., 2002a, b) and during periods of fasting (Tschöp et al., 2000; , and decrease after food ingestion (Tschöp et al., 2000; Cummings et al., 2001; Sugino et al., 2002a, b) . Several studies revealed that ghrelin stimulates vasopressin (VP) release by activating VP neurons in the hypothalamus Ishizaki et al., 2002; Lawrence et al., 2002) , suggesting that ghrelin may modulate fluid homeostatic function by controlling VP release. Indeed, ghrelin has been shown to affect drinking behavior and blood osmolality (Kozaka et al., 2003; Tachibana et al., 2006; Hashimoto et al., 2007; Mietlicki et al., 2009 ) and may serve as a central integrative signal linking energy homeostasis with fluid homeostasis.
Energy balance and fluid homeostasis are closely related, as evidenced by the tight coupling between eating and drinking behaviors. (Fitzsimons and Le Magnen, 1969; Bellisle and Le Magnen, 1981) . Chronic dehydration leads to a state of anorexia, or decreased food intake (Watts et al., 1999; Watts, 1999) , presumably because solid food ingestion under conditions of high blood osmolality would be harmful or even fatal to the organism (Watts and Boyle, 2010) . When an animal is food deprived and engaged in food-seeking behavior, it is critical that the animal's blood osmolality be maintained at a level at which the animal can tolerate solid food intake in preparation for the ingestion of food when it is found. Water ingestion is decreased during food deprivation Wilke et al., 2005) , possibly to maintain circulating concentrations of critical minerals. Thus, ghrelin-induced VP release and increased water retention under these conditions are an important mechanism in maintaining blood osmolality at a physiological set point that can tolerate food ingestion.
How ghrelin activates VP neurons and VP secretion, however, has not been elucidated. Ghrelin-expressing axon terminals and GHS-R1a expression have been demonstrated in the paraventricular nucleus (PVN), indicating that the PVN is a site of ghrelin action (Guan et al., 1997; Cowley et al., 2003; Zigman et al., 2006; Harrold et al., 2008) . Understanding the modulation of VP neurons by ghrelin may reveal an underlying central mechanism by which ghrelin can integrate different homeostatic functions. In composed of the following (in mM): 133 NaCl, 10 KCl, 1.3 MgSO 4 , 1.4 NaH 2 PO 4 , 2.4 CaCl 2 , 11 glucose, and 5 HEPES, pH adjusted to 7.2-7.4 with NaOH. The high-K ϩ solution did not cause a significant change in the GABA current reversal potential (E GABA ), as reported previously (Haam et al., 2012) . To measure E GABA in cells, we used the gramicidinperforated patch recording method. The gramicidin patch solution was prepared by first dissolving gramicidin in DMSO at a concentration of 0.05 mg/l as a stock solution, and then the stock solution was diluted in the K-gluconate patch solution to a final concentration of 100 g/ml. The E GABA was obtained by plotting the current-voltage relation of evoked GABAergic synaptic currents at different holding potentials, as described previously (Haam et al., 2012) .
Calcium imaging. After a stabilization period, the slices were bulk loaded with the calcium indicator Rhod-2 AM (Life Technologies). The Rhod-2 AM stock solution was reconstituted in 40 l of DMSO and stored at Ϫ20°C until it was applied to brain slices to record calcium signals in glia. The stock solution of Rhod-2 AM was used within a week to avoid loss of cell loading capacity. The dye loading dish was prepared using a 30-mm-diameter culture plate insert (Millipore) that was placed into a 35 mm dish. A total of 1 ml of aCSF was then added both inside and outside of the plate insert before one or two hemi-slices were moved onto the plate insert. A total of 2-5 l of Rhod-2 AM stock solution were then dropped directly onto the PVN area of each hemi-slice. The incubation was performed in the dark at room temperature for 1 h, during which 100% O 2 was continuously supplied to the dish. After the incubation, the brain hemi-slices were washed for 30 min to 2 h in dye-free medium to remove any dye nonspecifically associated with cell surfaces and to allow deesterification of the intracellular acetoxymethyl (AM). Fluorescence images were obtained using an intensified CCD camera (QuantumEM CCD) at 1 frame/5 s and were captured on a PC using IP Laboratory 4.0 software (Scanalytics). We used 555 nm for excitation of Rhod-2 AM dye and quantified the fluorescence intensity of each cell using MBF ImageJ software (National Institutes of Health), which allowed for analysis of regions of interest located in multiple individual cells. To calculate a drug effect, we averaged the fluorescence intensity of the last 2 min (24 frames) of the drug application period and compared it with that of the last 2 min of the preceding control period.
Drug application. We stored the following drugs as stock solutions in frozen aliquots (Ϫ20°C) and dissolved the stock solutions in aCSF to the final concentration immediately before experiments: n-octanoylated ghrelin peptide (R&D Systems) (10 and 100 nM), TTX (R&D Systems) (0.5-1 M), the GHS-R1a antagonist GHRP-6 (R&D Systems) (5 M), DNQX (R&D Systems) (15 M), DL-AP5 (R&D Systems) (50 M), bicuculline methiodide (R&D Systems) (10 -50 M), picrotoxin (R&D Systems) (50 M); Manning compound (R&D Systems) (1 M), L-NAME (R&D Systems) (100 M), TNP-ATP (R&D Systems) (10 M), SR49059 (R&D Systems) (10 M), and fluorocitric acid (Sigma-Aldrich) (100 M). To prepare the fluorocitric acid solution, we precipitated barium by adding 2-3 drops of 0.1 M Na 2 SO 4 to a fluorocitrate barium salt solution (8.26 mg of fluorocitrate barium salt in 1 ml of 0.1 M HCl). We then added 2 ml of 0.1 M Na 2 HPO 4 before centrifuging the solution at 1000 g for 5 min. Only the suspension was separated and added to 100 ml aCSF. We included the G-protein inhibitor GDP-␤-S (Sigma-Aldrich) (1 mM) in a patch solution that did not contain GTP. All the drugs were reconstituted with autoclaved deionized distilled water and aliquoted for single use. ATP-␥-S (R&D Systems) (100 M) and arginine VP (R&D Systems) (20 M) were applied via a puff pipette (8 -20 psi, 30 s) connected to a Picospritzer II microinjector (Parker Hannifin). All peptide-based aliquots were stored at Ϫ20°C and were used within 3 months of preparation.
Immunohistochemistry for GHS-R1a. Eight-to 12-week-old wild-type Wistar rats (n ϭ 3) were deeply anesthetized with ketamine (50 mg/kg)/ xylazine (5 mg/kg) and intracardially perfused with heparinized PBS followed by 4% paraformaldehyde in 0.1 M PBS. After sufficient perfusion, brains were dissected out of the cranium and postfixed in 4% PFA in PBS overnight. The brains were then incubated in 20% sucrose in PBS overnight, and 30-m-thick brain sections were obtained using a cryostat (CM3050, Leica). The sections were incubated in 5% normal goat serum containing 0.1% Triton X for 1 h on a shaker and then treated with the primary antibody to GHS-R1a (H-001-62, 1:2000, Phoenix Pharmaceuticals) (Abizaid et al., 2006; Jiang et al., 2008) overnight at 4°C. The sections were washed with 0.1 M PBS five times and then treated with the goat anti-rabbit secondary antibody conjugated to AlexaFluor-546 (A-11010, 1:400, Invitrogen) for 1 h at room temperature. After rinsing five times with PBS, the sections were mounted and coverslipped using Vectashield mounting medium (Vector Laboratory), and were imaged on a laser confocal microscope (Zeiss LSM510, Carl Zeiss). The primary and secondary antibodies were omitted as controls, and no staining was observed. The GHS-R1a antibody has also been tested previously for specificity in GHSR knock-out mice (Abizaid et al., 2006) . Finally, a GHS-R1a antibody blocking peptide was used in preabsorbtion controls (human growth hormone secretagogue receptor type 1A [Cys0] (330 -366), Phoenix Pharmaceuticals).
Statistical analysis. The analysis of synaptic currents was performed using Mini Analysis 6.0.9 software (Synaptosoft) and Clampfit 9.2 (Molecular Devices). Data were analyzed using the Student's paired t test for two-group comparisons and the one-way or two-way repeated-measures ANOVA followed by the Tukey's test for multiple-group comparisons. For the datasets that did not follow a normal distribution, determined by the Shapiro-Wilk test, we used the Mann-Whitney U test for between-cell comparisons and the Wilcoxon signed-rank test for within-cell comparisons. All the electrophysiological data were expressed as mean Ϯ SEM. p Ͻ 0.05 was considered significant.
Results
To examine the effect of ghrelin on glutamatergic and GABAergic synaptic inputs to VP neurons of the PVN, we used various patch-clamp recording techniques in acute slices of rat hypothalamus. To differentiate VP neurons from PVN oxytocinergic magnocellular neurons and parvocellular neurons, we targeted enhanced GFP-expressing neurons in the lateral magnocellular division of the PVN of slices from transgenic rats that express a VP-GFP fusion protein under the control of the VP promoter. The expression of GFP protein in these rats is specific to VP neurons Haam et al., 2012) . Lateral magnocellular neurons lacking GFP fluorescence were identified as putative oxytocin neurons.
Ghrelin increases synaptic inputs to VP neurons
Previous studies showed that the actions of ghrelin are potentiated during fasting due to increased levels of expression of the ghrelin receptor, GHS-R, in the hypothalamus (Kim et al., 2003) . We recorded the effect of ghrelin on spontaneous postsynaptic currents (sPSCs) in GFP-positive VP neurons and GFP-negative, putative oxytocin neurons in the PVN of ad libitumfed and 24 h-fasted VP-GFP rats in the whole-cell patch-clamp configuration. VP neurons showed a feeding-statusdependent increase in the frequency of inward sPSCs in response to a 10 min bath application of ghrelin (100 nM) ( Fig. 1 A, B) . VP neurons from fasted rats showed a potentiated response to ghrelin (133.6 Ϯ 7.8% of baseline, n ϭ 18, Wilcoxon signed-rank test, W ϭ Ϫ171, z ϭ 3.724, degrees of freedom ϭ 18, p Ͻ 0.01) compared with VP neurons from ad libitum fed rats (112.4 Ϯ 6.1% of baseline, n ϭ 12, Student's paired t test, t (11) ‫؍‬ Ϫ2.293, p Ͻ 0.05) (Fig. 1C,D) . The effect of a lower concentration of ghrelin (10 nM) on the sPSC frequency in VP neurons from 24 h-fasted rats was significantly smaller (112.2 Ϯ 5.6% of baseline, n ϭ 9, Student's paired t test, t (8) ϭ Ϫ2.431, p Ͻ 0.05) and was comparable with the effect of the higher ghrelin concentration in VP neurons from ad libitum-fed Figure 1 . Ghrelin-induced increase in sPSC frequency in VP neurons. A, Whole-cell recording of a VP-GFP-expressing cell in the PVN of a 24 h-fasted rat showing sPSCs before (Control) and during a 10 min bath application of ghrelin (Ghrelin, 100 nM). B, Cumulative frequency plots of sPSC intervals from the same cell showed a shift toward shorter interevent intervals in ghrelin, indicating an increase in sPSC frequency. C, Time course of mean normalized frequencies of sPSCs showing the effect of ghrelin (100 nM) on sPSC frequency in PVN VP neurons from fed and fasted rats. An increase in sPSC frequency was seen in response to ghrelin, which was potentiated in fasted rats (open circles, n ϭ 18) compared with fed rats (filled circles, n ϭ 12). D, Summary of the dose-dependent effects of ghrelin on mean PSC frequency, as a percentage of baseline, in VP neurons from ad libitum fed and 24 h-fasted rats. E, Time course of normalized mean sPSC frequencies in PVN VP cells from 24 h-fasted rats showing the spike dependence of the ghrelin-induced increase in PSC frequency. The ghrelin-induced increase in sPSC frequency did not return to the baseline during 20 min of ghrelin application (Ghrelin), indicating that the ghrelin effect does not desensitize within 20 min (n ϭ 8). The ghrelin-induced increase in sPSC frequency was reversed by the introduction of TTX (0.5-1 M) into the perfusion bath (TTX, n ϭ 10). F, Summary of mean normalized PSC frequencies at 17-20 min of ghrelin application in the absence (Ghrelin) and in the presence of TTX (Ghrelin/TTX). Blocking spike generation with TTX completely reversed the ghrelin effect on synaptic inputs to VP neurons. Numerals in parentheses in this and the following figures represent the numbers of cells included in the mean Ϯ SEM. *p Ͻ 0.05. **p Ͻ 0.01. rats (Fig. 1D) . Whereas the effect of the 10 min application of ghrelin did not recover back to baseline after 20 min of washout of the drug, the effect of a shorter application was reversible after a 15 min washout. Thus, a 5 min bath application of ghrelin (100 nM) to slices from fasted rats caused a comparable increase in sPSC frequency (134.4 Ϯ 15.0% of baseline, n ϭ 11, oneway repeated-measures ANOVA followed by Tukey's test, F (2,17) ϭ 3.819, p Ͻ 0.05) in VP neurons, which recovered nearly to baseline within 15 min of washout (113.5 Ϯ 11.5%, n ϭ 8, one-way repeatedmeasures ANOVA followed by Tukey's test, F (2,17) ϭ 3.819, p ϭ 0.41) (data not shown). There was no significant effect of ghrelin on sPSC amplitude or decay time (amplitude, 99.7 Ϯ 4.6% of baseline, n ϭ 18, Wilcoxon signed-rank test, W ϭ 17, z ϭ 0.37, degrees of freedom ϭ 18, p ϭ 0.73; decay time, 101.9 Ϯ 3.8% of baseline, n ϭ 18, Student's paired t test, t (17) ϭ Ϫ0.407, p ϭ 0.69), suggesting that the site of ghrelin action was presynaptic to the VP neurons. Ghrelin had no significant effect on sPSCs in GFP-negative, putative oxytocin neurons (sPSC frequency: 99.0 Ϯ 13.3% of baseline, n ϭ 4 from 24 h-fasted rats, Student's paired t test, t (3) ϭ Ϫ0.454, p ϭ 0.68) (data not shown).
The ghrelin-induced increase in synaptic inputs is spike-dependent
The fact that ghrelin caused a significant change in PSC frequency without causing a change in PSC amplitude or decay time suggested that the site of ghrelin action is presynaptic. We therefore tested whether the ghrelin effect is dependent on spike generation in presynaptic cells by blocking action potential generation with the voltage-gated sodium channel blocker TTX. After 10 min of ghrelin application to VP neurons from 24 h-fasted rats, TTX (0.5-1 M) completely reversed the ghrelin-induced increase in sPSC frequency (one-way repeated-measures ANOVA, F (2,17) ϭ 8.318, p Ͻ 0.01 followed by multiple comparisons: ghrelin: 141.3 Ϯ 10.5% of baseline, n ϭ 10, p Ͻ 0.05; ghrelin in TTX: 94.9 Ϯ 4.9% of baseline, n ϭ 9, p ϭ 0.11) ( Fig. 1 E, F ) . The TTX effect on sPSC frequency was specific to the ghrelin-induced increase because TTX had no significant effect on sPSC frequency in VP neurons in the absence of ghrelin (98.8 Ϯ 6.2% of baseline, n ϭ 6, Wilcoxon signed-rank test, W ϭ Ϫ7, z ϭ Ϫ0.734, degrees of freedom ϭ 6, p ϭ 0.34). Consistent with this, TTX application before ghrelin application completely blocked the ghrelin-induced increase in sPSC frequency in VP neurons from 24 h-fasted rats. Indeed, in TTX, ghrelin caused a small, but significant, decrease in the frequency of miniature PSCs (84.7 Ϯ 2.6% of baseline, n ϭ 18, Wilcoxon signed-rank test, W ϭ Ϫ165, z ϭ Ϫ3.593, degrees of freedom ϭ 18, p Ͻ 0.01), without affecting miniature PSC amplitude (101.2 Ϯ 2.5% of baseline, n ϭ 18, Student's paired t test, t (17) ϭ Ϫ0.424, p ϭ 0.68) or decay time (105.5 Ϯ 3.7% of baseline, n ϭ 18, Wilcoxon signed-rank test, W ϭ 81, z ϭ 1.764, degrees of freedom ϭ 18, p ϭ 0.08) (data not shown).
The ghrelin effect is specific to GABA inputs
We next determined which type of synaptic input was facilitated by ghrelin by pharmacologically isolating glutamatergic and GABAergic PSCs. In the presence of the GABA A receptor antagonists bicuculline methiodide (10 M) or picrotoxin (50 M), ghrelin (100 nM) had no significant effect on the frequency of glutamatergic sPSCs in VP cells from either ad libitum-fed rats (86.1 Ϯ 8.3% of baseline, n ϭ 9, Student's paired t test, t (8) ϭ 1.872, p ϭ 0.10) or 24 h-fasted rats (100.3 Ϯ 8.5%, n ϭ 7, Student's paired t test, t (6) ϭ 0.0926, p ϭ 0.93) (Fig. 2 A, B) . In the presence of the glutamate receptor antagonists DNQX (15 M) and DL-AP5 (50 M), ghrelin (100 nM) caused an increase in the frequency of GABAergic sPSCs recorded in VP cells (152.8 Ϯ 16.4% of baseline, n ϭ 16, Wilcoxon signed-rank test, W ϭ 106, Z ϭ 2.741, degrees of freedom ϭ 16, p Ͻ 0.01) (Fig. 2C,D ), but had no significant effect on GABAergic sPSCs in putative oxytocin neurons (108.6 Ϯ 18.3% of baseline, n ϭ 7, Student's paired t test, t (6) ϭ 0.206, p ϭ 0.84) from 24-h-fasted rats. The percentage increase in the frequency of isolated GABAergic sPSCs (52.8 Ϯ Figure 2 . Ghrelin modulation of GABAergic sPSCs in VP neurons. A, Time course of mean normalized frequencies of glutamatergic sPSCs recorded in the presence of the GABA A receptor antagonist bicuculline or picrotoxin in PVN VP neurons from ad libitum fed (n ϭ 9) and 24 h-fasted rats (n ϭ 7). Ghrelin (100 nM) had no significant effect on the frequency of glutamatergic sPSCs. B, Summary of mean normalized glutamatergic sPSC frequency response to ghrelin (100 nM) in the presence of GABA A receptor antagonists in VP neurons from ad libitum fed and fasted rats. C, Time course of mean normalized frequency of GABAergic sPSCs recorded in the presence of the glutamate receptor antagonists DNQX and AP-5 in PVN VP neurons from ad libitum fed and fasted rats. Ghrelin (100 nM) caused an increase in the frequency of GABAergic sPSCs in VP cells from fasted, but not fed, rats. D, Summary of mean normalized GABA sPSC frequency response to ghrelin (100 nM) in the presence of glutamate receptor antagonists in VP neurons from ad libitum fed and fasted rats. **p Ͻ 0.01. 16.4%) in VP neurons was greater than that of unidentified sPSCs (33.6 Ϯ 7.8%), probably because the unidentified sPSC frequency values also included glutamatergic sPSCs, which were unresponsive to ghrelin application and which diluted, therefore, the ghrelin effect on GABAergic sPSCs. The ghrelin effect on GABAergic sPSCs was also spike-dependent because it was abolished by TTX (one-way repeated-measures ANOVA, F (2,8) ϭ 5.738, p Ͻ 0.05 followed by Tukey's test: ghrelin, 166 Ϯ 27.7% of baseline, n ϭ 5, p Ͻ 0.05; ghrelin in TTX, 92.1 Ϯ 11.0% of baseline, n ϭ 5, p ϭ 0.91). Ghrelin had no significant effect on the GABAergic sPSC amplitude (104.4 Ϯ 3.5% of baseline, n ϭ 15, Wilcoxon signed-rank test, W ϭ 62, z ϭ 1.761, degrees of freedom ϭ 15, p ϭ 0.08) or decay time (104.8 Ϯ 3.3% of baseline, n ϭ 15, Student's paired t test, t (14) ϭ Ϫ0.897, p ϭ 0.38).
The ghrelin effect requires activation of postsynaptic ghrelin receptors
Of the two identified ghrelin receptors, GHS-R1a and GHS-R1b, GHS-R1a has been shown to mediate most of the known physiological effects of ghrelin (Howard et al., 1996; Sun et al., 2004; Esler et al., 2007) . To examine whether the ghrelin-induced facilitation of synaptic inputs to VP neurons is mediated by GHS-R1a, we preapplied the GHSR1a antagonist [D-Lys]-GHRP-6. This antagonist has been shown to effectively block ghrelin-induced food intake, weight gain, and gastric emptying, as well as the ghrelin-induced changes in feeding behavior and gastrointestinal motility Wang et al., 2007) . Bath application of [D-Lys]-GHRP-6 (5 M) for 5 min had no significant effect on sPSC frequency by itself (105.5 Ϯ 4.3% of baseline, n ϭ 9, Student's paired t test, t (8) ϭ Ϫ1.740, p ϭ 0.12) but completely blocked the ghrelin-induced increase in sPSC frequency (97.4 Ϯ 7.5% of baseline, 92.2 Ϯ 4.7% compared with [D-lys]-GHRP-6 alone, n ϭ 9, one-way repeated-measures ANOVA, F (2,15) ϭ 0.532, p ϭ 0.60) (Fig. 3 A, B) , suggesting that the ghrelin-induced facilitation of synaptic inputs to VP neurons is mediated by GHS-R1a.
The presynaptic stimulatory effect of ghrelin on GABA release implies either the activation of ghrelin receptors located presynaptically or the activation of postsynaptic ghrelin receptors and the release of a retrograde messenger that alters presynaptic release. We next tested whether the ghrelin effect is mediated by the G-protein-coupled GHS-R1a located postsynaptically in the VP neurons. When GDP-␤-S (1 mM) was included in the patch electrode to inhibit G-protein activity selectively in the recorded VP neurons, the ghrelin-induced increase in GABAergic PSC frequency was blocked on average across all the cells tested (96.0 Ϯ 5.9% of baseline, n ϭ 16, Student's paired t test, t (15) ϭ 1.602, p ϭ 0.13) (Fig. 3C,D) . The ghrelin-induced increase in GABAergic PSC frequency was maintained, however, in 25% of the VP neurons tested (i.e., 4 of the 16 cells showed an increase in the frequency of GABAergic PSCs, ranging from 20% to 44%).
Previous studies have shown that ghrelin receptors are expressed in PVN neurons (Zigman et al., 2006; Harrold et al., 2008) . We examined whether GHS-R1a receptors are expressed in VP neurons in the PVN using immunofluorescence labeling with an antiserum to the GHS-R1a in VP-GFP neurons (Abizaid et al., 2006; Jiang et al., 2008) . We found clear double labeling of the GFP-expressing VP neurons with the GHS-R1a antibody in sections of PVN from ad libitum fed rats visualized using confocal microscopy (Fig. 3E) . Omitting the primary or secondary antibodies and a preabsorption control of the primary antibody specificity with a synthetic GHS-R1a peptide showed no GHS-R1a immunostaining (Fig. 3E) .
Together, these findings suggest that the ghrelin-induced facilitation of GABA synaptic currents in VP neurons is mediated by GHS-R1a receptors expressed in the VP neurons and that their activation leads to the release of a retrograde messenger from the VP cells to mediate the presynaptic facilitation of synaptic GABA release.
The ghrelin effect requires dendritic release of VP Nitric oxide (NO) is well known as a retrograde messenger that increases GABA synaptic inputs to neurons in the PVN (Bredt et al., 1990; Bains and Ferguson, 1997b; Di et al., 2009) , including in PVN parvocellular neuroendocrine cells via a TTX-sensitive mechanism (Bains and Ferguson, 1997a) . To test for the NO dependence of the ghrelin facilitation of GABA release, we applied the NO synthase inhibitor L-NAME (100 M) 10 min before coapplication of ghrelin (100 nM) with L-NAME. L-NAME failed to block the increase in the frequency of GABAergic PSCs caused by ghrelin (136.0 Ϯ 17.7% of baseline, n ϭ 15, Wilcoxon signedrank test, W ϭ 72, z ϭ 2.045, degrees of freedom ϭ 15, p Ͻ 0.05) (Fig. 4A) , indicating that the ghrelin effect on GABA release is not dependent on NO.
Previous studies have shown that the dendritic release of VP modulates synaptic inputs to VP neurons by acting as a retrograde and/or autocrine messenger (Kombian et al., 1997; Gouzènes et al., 1998; Hirasawa et al., 2003) . Interestingly, VP has been shown to increase GABA input to PVN neurons by acting at V1a receptors, an effect that, similar to the ghrelin effect described here, is sensitive to blockade by TTX (Hermes et al., 2000) . To examine whether VP mediates the retrograde signaling induced by ghrelin, we preapplied the selective V1a receptor antagonist SR49059 (10 M) for 10 min before the coapplication of ghrelin (100 nM). The V1a antagonist alone had no significant effect on the GABAergic sPSC frequency in VP neurons (95.6 Ϯ 4.2% of baseline, n ϭ 13, Student's paired t test, t (12) ϭ 0.388, p ϭ 0.70), but abolished the ghrelin-induced increase in the frequency of GABAergic sPSCs (103.1 Ϯ 9.8% of baseline, 110.2 Ϯ 12.9% compared with SR49059, n ϭ 13, one-way ANOVA on ranks, ͑2͒ 2 ϭ 0.118, p ϭ 0.94) (Fig. 4A ). This implicated dendritically released VP as the retrograde messenger required for the ghrelin modulation of GABAergic synaptic inputs to the VP neurons. To confirm that VP causes an increase in GABAergic synaptic inputs to VP neurons, we applied VP via puff application close to the recorded VP neurons. VP (20 M, 30 s) caused an increase in the GABAergic sPSC frequency in VP neurons (165% of baseline, from 1.44 Ϯ 0.24 Hz to 2.38 Ϯ 0.35 Hz, n ϭ 10, Student's paired t test, t (9) ϭ Ϫ2.45, p Ͻ 0.05) (Fig. 4 B, C) . 
Ghrelin activates astrocytes via dendritic release of VP
That the ghrelin-induced increase in GABA inputs to VP neurons requires spiking in presynaptic neurons suggested that the retrograde VP messenger must stimulate action potential generation distally in the upper axon or the somatic/dendritic region of the presynaptic GABA neurons, or that it activates an intermediate that can signal at a distance from the VP neuron dendrites. Neurons signal to astrocytes via dendritic release of neurotransmitters (Bernardinelli et al., 2011), and astrocytes have been shown to signal to spatially defined sets of neurons via gliotransmitter release (Bushong et al., 2002; Halassa et al., 2007) . Astrocytes play a critical role in the synaptic regulation of magnocellular neuroendocrine cells in the PVN and SON (Oliet et al., 2001; Hussy, 2002; Boudaba et al., 2003; Gordon et al., 2005; Panatier et al., 2006; Di et al., 2013) . In addition, glia have been shown to express V1a receptors, and activation of these receptors induces an increase in astrocytic Ca 2ϩ levels, raising the possibility that glia may receive signals from VP neurons and relay information to presynaptic neurons (Yamazaki et al., 1997; Chen et al., 2000; Zhao and Brinton, 2003; Syed et al., 2007) . To test the hypothesis that astrocytes serve as an intermediate relay in the ghrelin-induced retrograde modulation of GABAergic synaptic inputs to VP neurons, we first examined whether ghrelin stimulates a calcium response in astrocytes using the glia-specific calcium fluorophore Rhod-2AM. After bulk loading of Rhod-2AM in our hypothalamic slices, bath application of ghrelin induced an elevation of calcium levels in glial cells in the PVN (F/F 0 ϭ 126.7 Ϯ 4.6% of baseline, n ϭ 53, Wilcoxon signed-rank test, W ϭ 1139, z ϭ 5.042, degrees of freedom ϭ 53, p Ͻ 0.01) (Fig. 5A-C) . The ghrelin-induced calcium response in astrocytes was characterized by an increase in the baseline calcium level, the number of calcium transients, or both. In the absence of ghrelin, no change in the baseline calcium level was observed during 30 min of imaging (F/F 0 ϭ 100.0 Ϯ 1.8% of baseline, n ϭ 89, Wilcoxon signed-rank test, W ϭ Ϫ633, z ϭ Ϫ1.295, degrees of freedom ϭ 89, p ϭ 0.196). Preapplication of an antagonist to the oxytocin receptor (OTR) and VP V1a receptor, the Manning compound (1 M), blocked the ghrelin-induced increase in astrocytic calcium and caused ghrelin to elicit a small, but significant, decrease in intracellular calcium concentration (F/F 0 ϭ 96.5 Ϯ 1.2% of baseline, n ϭ 58, Wilcoxon signedrank test, W ϭ Ϫ711, z ϭ Ϫ2.752, degrees of freedom ϭ Ϫ58, p Ͻ 0.01) (Fig. 5C ). This indicated that ghrelin stimulates an increase in intracellular calcium in astrocytes via an OTR/V1a receptor-dependent mechanism. In addition, we tested for a VP-induced calcium response in astrocytes; bath application of VP (200 nM) also caused an increase in the intracellular calcium concentration in astrocytes, measured with the Rhod-2AM indicator (F/F 0 ϭ 114.8 Ϯ 3.4% of baseline, n ϭ 55, Wilcoxon signed-rank test, W ϭ 1004, z ϭ 4.206, degrees of freedom ϭ 55, p Ͻ 0.01) (Fig. 5C ). The ghrelin-induced increase in calcium levels in astrocytes was also blocked when slices were preincubated for 2 h in the glial cell metabolism blocker fluorocitric acid (FCA, 100 M), and ghrelin caused a small but significant decrease in calcium levels (F/F 0 ϭ 93.8 Ϯ 0.9% of baseline, n ϭ 47, Wilcoxon signed-rank test, W ϭ Ϫ956, z ϭ Ϫ5.058, degrees of freedom ϭ 47, p Ͻ 0.01) (Fig.  5C) , suggesting that the ghrelin-induced elevation of astrocytic calcium requires intact glial metabolic activity. Together, these imaging data suggested that ghrelin stimulates a calcium signal in PVN astrocytes via the activation of OTR or V1a receptors.
We next asked whether the ghrelin-induced activation of PVN astrocytes is required for the ghrelin facilitation of GABAergic synaptic inputs to VP neurons by testing whether the blockade of astrocyte metabolic activity disrupts the ghrelin-induced increase in GABAergic sPSCs. Preincubation of slices from fasted rats in FCA (100 M) for 2-4 h before ghrelin application completely abolished the ghrelin-induced increase in GABAergic sPSC frequency in VP neurons (101.5 Ϯ 11.8% of baseline, n ϭ 15, Wilcoxon signed-rank test, W ϭ Ϫ10, z ϭ Ϫ0.284, degrees of freedom ϭ 15, p ϭ 0.90) (Fig. 5 D, E) , indicating that glia play a critical role in the ghrelin modulation of synaptic GABA inputs. Because the ghrelin effect is dependent on the dendritic release of VP, we also tested whether the VP-induced increase in GABAergic inputs to VP neurons depends on glial function. In the presence of FCA (100 M), puff application of VP (20 M, 30 s) failed to cause an increase in GABAergic PSC frequency in VP neurons (89.1 Ϯ 14.2% of baseline, n ϭ 7, Student's paired t test, t (6) ϭ 1.237, p ϭ 0.26) (Fig. 5F ). Together, these findings suggested an astrocytic relay in the ghrelin-induced retrograde VP signaling to presynaptic GABA neurons. 
Activation of presynaptic GABA neurons by ATP gliotransmission
We next investigated how glial cells stimulate the presynaptic GABA neurons to increase GABA release onto the VP neurons. ATP is a well-known excitatory gliotransmitter that activates adjacent neurons via actions at ionotropic P2X and/or metabotropic P2Y receptors (Zhang et al., 2003; Bowser and Khakh, 2004) . Previous studies have shown that activation of P2X receptors facilitates GABA release in different parts of the brain (Hugel and Schlichter, 2000; Jameson et al., 2008; Vavra et al., 2011) . It has also been shown that P2X receptors are expressed in the SON and PVN and that activation of P2X receptors stimulates VP neurons (Day et al., 1993; Vulchanova et al., 1996; Troadec et al., 1998; Gomes et al., 2009; Vavra et al., 2011) . Therefore, we next examined whether purinergic P2X receptors mediate the ghrelininduced increase in GABAergic synaptic input to VP neurons. Bath application of the P2X receptor antagonist TNP-ATP (10 M) alone had no significant effect on the GABAergic sPSC frequency (86.5 Ϯ 8.3% of baseline, n ϭ 9, Wilcoxon signed-rank test, W ϭ Ϫ31, z ϭ Ϫ1.836, degrees of freedom ϭ 9, p ϭ 0.074) but blocked the ghrelin-induced increase in sPSC frequency (88.2 Ϯ 12.9% of baseline, 100.2 Ϯ 10.0% of TNP-ATP, n ϭ 9, one-way ANOVA on ranks, 2 (2) ‫؍‬ 2.889, p ϭ 0.28) (Fig. 6 A, B) . Therefore, the ghrelin-induced modulation of synaptic GABA inputs to VP neurons is dependent on P2X receptor activation. We also tested whether the activation of purinergic receptors mimics the ghrelin-induced increase in GABAergic synaptic inputs to VP neurons. We used the nonhydrolyzable form of ATP, ATP-␥-S, which is not hydrolyzed to adenosine and lacks, therefore, the ability to activate adenosine receptors. Puff application of ATP-␥-S (100 M) caused a significant increase in GABAergic sPSC frequency in VP neurons (from 1.95 Ϯ 0.22 Hz to 8.83 Ϯ 2.01 Hz, n ϭ 7, Student's paired t test, t (6) ϭ Ϫ3.317, p Ͻ 0.05) (Fig. 6C,D) . Similar to the ghrelin effect, the ATP-␥-S-induced increase in GABAergic inputs to VP neurons was sensitive to spike generation because it was suppressed by TTX (n ϭ 7, twoway repeated-measures ANOVA, significant interaction between ATP-␥-S and TTX, F (1,6) ϭ 24.089, p Ͻ 0.01). The effect of ATP-␥-S on GABA PSC frequency in TTX did not reach statistical significance (0.94 Ϯ 0.14 Hz in TTX; 3.20 Ϯ 1.02 Hz in ATP-␥-S/TTX, n ϭ 7, Tukey's test following the two-way ANOVA, p ϭ 0.24) (Fig. 6D) . The ATP-␥-S-mediated increase in GABAergic sPSC frequency was maintained after pretreatment of the slices with the glial toxin FCA (from 1.17 Ϯ 0.21 Hz to 12.06 Ϯ 2.62 Hz, Figure 5 . The ghrelin-induced increase in synaptic GABA inputs to VP neurons is mediated by astrocytes. A, Standard fluorescence images of a Rhod-2 AM-loaded slice of PVN from a 24 h-fasted rat showing calcium levels in astrocytes before (Control) and after the bath application of ghrelin (Ghrelin, 100 nM). B, Calcium measurements of the ghrelin-induced increases in calcium levels in the 7 glial cells (1-7) labeled with Rhod-2 AM in the PVN brain slice shown in A. C, Summary of mean normalized fluorescence in PVN astrocytes. Bath application of ghrelin caused a significant increase in intracellular calcium (Ghrelin); the ghrelin response was blocked with the V1a receptor antagonist Manning compound (Ghrelin/Manning); bath application of VP also caused a significant increase in intracellular calcium (VP) in Rhod-2 AM-loaded cells; preincubation of the slices in the gliotoxin FCA blocked the ghrelin-induced increase in astrocytic calcium (Ghrelin/FCA). D, Time course of the mean normalized GABAergic sPSC frequency response to ghrelin in the presence and absence of FCA in PVN VP neurons from 24 h-fasted rats. Pretreatment of PVN brain slices with FCA blocked the ghrelin-induced increase in GABAergic PSC frequency (n ϭ 16). E, Summary of the mean normalized GABAergic sPSC frequency response to ghrelin in VP neurons in the absence (Ghrelin) and presence of FCA (Ghrelin/FCA). F, Summary of the mean normalized GABAergic sPSC frequency response to VP in VP neurons in the absence (VP) and presence of FCA (VP/FCA). FCA blocked the VP-induced increase in GABAergic PSC frequency in VP neurons. *p Ͻ 0.05. **p Ͻ 0.01. n ϭ 9, Student's paired t test, t (8) ϭ Ϫ4.213, p Ͻ 0.01) (Fig. 6D) , indicating that the effect of ATP on GABA synaptic inputs to VP neurons is downstream from glial activation.
Ghrelin activates VP neurons
We next tested whether the stimulation of GABAergic synaptic inputs to VP neurons by ghrelin is capable of activating the VP neurons. Previously, we showed that GABA acts as an excitatory signal in VP neurons, but not in oxytocin neurons, because of an altered Cl Ϫ homeostasis in the VP neurons (Haam et al., 2012) . We first determined whether the GABA reversal potential (E GABA ) was altered in VP neurons during fasting with gramicidin-perforated patch-clamp recordings, which maintain the native intracellular Cl Ϫ concentration during recordings. The E GABA recorded in VP neurons from 24 h-fasted rats was not significantly different from that in VP neurons from ad libitum-fed rats (24 h-fasted: Ϫ33.2 Ϯ 2.8 mV, n ϭ 3; ad libitum fed: Ϫ33.1 Ϯ 3.4 mV, n ϭ 15, Student's unpaired t test, t (16) ϭ Ϫ0.005753, p ϭ 0.99), indicating that GABA is also excitatory in VP neurons from fasted rats. Next, to examine the ghrelin effect on the spiking activity of VP neurons without disturbing intracellular ionic concentrations, we used loose-seal cell-attached patch recordings, which are extracellular recordings that maintain the membrane integrity and prevent current from the patch electrode from influencing the membrane potential of the recorded cells. Consistent with the effect of ghrelin on GABAergic synaptic inputs, the ghrelin effect on spiking was feeding status-dependent, causing a robust increase in spiking frequency in VP neurons in 24 h-fasted rats (201.6 Ϯ 33.6% of baseline, n ϭ 12, Student's paired t test, t (11) ϭ Ϫ3.862, p Ͻ 0.01) (Fig. 7A-C) , but a weaker increase in spiking frequency that did not reach statistical significance in ad libitum-fed rats (151.4 Ϯ 11.1% of baseline, n ϭ 6, Student's paired t test, t (5) ϭ Ϫ1.541, p ϭ 0.18) (Fig. 7C) . As in our previous study (Haam et al., 2012) , blockade of GABA A receptors with bath application of bicuculline methiodide (50 M) reduced the basal spiking frequency in VP neurons (control: 1.34 Ϯ 0.28 Hz, n ϭ 12; bicuculline: 0.17 Ϯ 0.07 Hz, n ϭ 14, Mann-Whitney U Test, U ϭ 19.5, T ϭ 226.5, small number ϭ 12, big number ϭ 14, p Ͻ 0.01) (Fig. 7D) , indicating that tonic excitatory GABAergic synaptic activity contributes significantly to the basal firing activity of VP cells. The ghrelin-induced increase in spiking frequency in VP neurons from fasted rats was dependent on GABA A receptors (n ϭ 14, two-way repeated-measures ANOVA, significant interaction between ghrelin and bicuculline, F (1,24) ϭ 14.142, p Ͻ 0.01) The ghrelin effect was abolished by blocking GABA A receptors (bicuculline: 0.17 Ϯ 0.07 Hz; bicuculline ϩ ghrelin: 0.28 Ϯ 0.08 Hz, n ϭ 14, Tukey's test following the two-way ANOVA, control vs ghrelin in the presence of bicuculline, p ϭ 0.556) (Fig. 7D) , indicating that the ghrelininduced increase in spiking activity in VP neurons is mediated by excitatory GABAergic synaptic inputs.
Discussion
Our findings suggest that ghrelin stimulates VP neurons by engaging a novel retrograde neuronal-glial circuit that activates presynaptic GABA neurons. According to this model (Fig. 8) , ghrelin triggers the dendritic release of VP, which activates astrocytes to release ATP, which in turn excites upstream GABA neurons and stimulates an excitatory GABAergic input back to the VP neurons, completing a retrograde neuronal-glial autoregulatory circuit.
Ghrelin activates an excitatory GABA input to VP neurons Activation of GABA synaptic inputs is an effective way to increase the excitability of VP neurons because GABAergic synapses comprise Ͼ50% of the total synapses in the PVN (Theodosis et al., 1986; Decavel and Van den Pol, 1990; El Majdoubi et al., 1997) and, as we recently reported, GABA is excitatory in VP neurons (Haam et al., 2012) . Our observations here confirm those findings. The ghrelin modulation of VP neurons is novel as it synaptically activates these neurons by increasing an excitatory GABAergic synaptic input without affecting glutamatergic inputs, providing evidence for the regulation of an excitatory GABA input that stimulates the VP neurons. Previous studies have shown that central ghrelin administration induces Fos expression in PVN VP neurons Lawrence et al., 2002) and increases VP release into the blood (Ishizaki et al., 2002) , which, because the ghrelin effect on VP neurons is specific to GABA inputs, supports an excitatory role for GABA in these cells (Haam et al., 2012) . The recruitment of excitatory GABAergic circuits by ghrelin may represent a secondary mode of stim- Figure 6 . The ghrelin-induced increase in GABA synaptic inputs to VP neurons is dependent on ATP P2X receptor activation. A, Time course of the mean normalized GABAergic sPSC frequency response to ghrelin in the presence of an ATP P2X receptor antagonist. Preapplication of the selective ATP P2X receptor antagonist TNP-ATP blocked the ghrelin effect on GABA PSC frequency (n ϭ 9) in VP neurons from 24 h-fasted rats. B, Summary of mean normalized GABAergic sPSC frequencies in the P2X antagonist (TNP-ATP) and the P2X antagonist plus ghrelin (Ghrelin/TNP-ATP). C, Whole-cell recording of GABAergic synaptic currents in a VP neuron from a 24 h-fasted rat showing an increase in GABAergic PSCs in response to puff application of the ATP agonist ATP␥S. D, Summary of mean normalized GABAergic sPSC frequencies in VP neurons showing the increase in GABA sPSC frequency in the purinergic agonist (ATP␥S, n ϭ 7), in the purinergic agonist in the presence of TTX (ATP␥S/TTX, n ϭ 7), and in the purinergic agonist in the presence of the gliotoxin (ATP␥S/FCA, n ϭ 9). The effect of purinergic receptor activation was not blocked by inhibiting astrocytic activity with FCA but was blocked by inhibiting spike generation with TTX. *p Ͻ 0.05. **p Ͻ 0.01. ulation of the VP system, thereby reserving the excitatory glutamatergic circuits for the primary osmoregulatory responses of the VP neurons because osmotic stimulation engages glutamate inputs to these cells (Richard and Bourque, 1995; Sladek et al., 1995; Onaka and Yagi, 2001; Kawasaki et al., 2006) . Ghrelin had no effect on either the glutamate or the GABA inputs to oxytocin neurons. The origin of the GABAergic synaptic inputs to PVN VP neurons activated by ghrelin is not known, but is likely to be in the peri-PVN hypothalamic area, consistent with previous findings (Decavel and Van den Pol, 1990; Thellier et al., 1994; Vrang et al., 1995; Boudaba et al., 1996) , because these inputs were activated in a spike-dependent manner in slices, in which projected afferents are cut.
Glia mediate ghrelin-induced synaptic modulation
The ghrelin effect on GABA input to VP neurons is unique in that it is TTXsensitive, glia-dependent, and mediated by postsynaptic ghrelin receptors. Because ghrelin did not elicit a change in postsynaptic membrane conductances, the TTX sensitivity of the response indicates that ghrelin increases spiking in presynaptic GABA neurons, and suggests the somata/dendrites of GABA neurons as sites of action. However, postsynaptic G-protein blockade and GHS-R1a immunofluorescence suggested that postsynaptic ghrelin receptors mediate the ghrelin effect, raising the question as to how the activation of ghrelin receptors in VP neurons excites presynaptic GABA neurons. Surprisingly, blockade of glial metabolism and glial calcium imaging indicated that astrocytes are activated by ghrelin and necessary for the VP neuron response to ghrelin and suggest, therefore, that glia relay the postsynaptic ghrelin signal to the presynaptic GABA neurons. Previous studies have shown that GHS-R1a activation causes an increase in intracellular calcium (Howard et al., 1996; . Dendritic release of VP is dependent on calcium signaling (Di ScalaGuenot et al., 1987; Ludwig et al., 1995) , suggesting that the dendritic release of VP is mediated by ghrelin-induced calcium signaling in the VP neurons.
Our data demonstrate that glial cells respond to the dendritic release of VP. Dendritically released VP has been shown to act as a retrograde messenger to modulate synaptic inputs to VP neurons (Hirasawa et al., Song et al., 2007) , but the mechanism underlying this modula- tion had not been elucidated. We show that glia respond to dendritically released VP by increasing intracellular calcium levels, which is critical for the ghrelin-induced synaptic modulation. The activated glia then release the gliotransmitter ATP to activate P2X receptors on upstream GABA neurons. The dendritic release of VP, unlike axonal release, does not require depolarization (Di Scala-Guenot et al., 1987; Ludwig et al., 1995) . The glia-mediated activation of excitatory synaptic inputs, therefore, may be an efficient means to stimulate axonal VP release. Dendritically released VP may also induce behavioral responses via central VP receptors, enabling ghrelin to regulate both systemic physiological and central behavioral VP actions.
Our study demonstrates, therefore, that astrocytes play a critical role in the ghrelin modulation of synaptic inputs to VP neurons by integrating into a retrograde circuit between the postsynaptic and presynaptic neurons. This retrograde signaling is triggered by the dendritic release of VP and is transmitted to upstream GABA neurons via the glial release of ATP.
Ghrelin activates VP neurons
We show here that ghrelin can stimulate VP neurons in the hypothalamus directly by acting at postsynaptic GHS-R1a receptors. Although ghrelin is synthesized predominantly in the stomach, it is well established that the ghrelin regulation of feeding behavior is mediated primarily by its central actions (Wren et al., 2000 (Wren et al., , 2001 Lawrence et al., 2002) . How peripheral ghrelin activates neurons in the CNS remains controversial. Specialized ghrelin transporters can transport bloodborne ghrelin across the blood-brain barrier into the brain (Banks et al., 2002) . Vagal afferents have also been shown to transmit the hunger signal to the brain , and activation of the vagal nerve stimulates ghrelin-expressing neurons in the hypothalamus (Cowley et al., 2003) . Ghrelin peptide expression has been described in the arcuate nucleus, pituitary, and internuclear areas of the hypothalamus (Kojima et al., 1999; Lu et al., 2002; Cowley et al., 2003; Mozid et al., 2003) , some of which project to the PVN. Although the ghrelin concentrations we used (10 -100 nM) are higher than reported circulating levels (0.5-3.5 nM) (Tschöp et al., 2000; Cummings et al., 2001; Sugino et al., 2002a) , ghrelin levels in the brain may reach significantly higher concentrations either by localized blood-brain transport (Banks et al., 2002) or by synaptic release from ghrelin-expressing neurons (Kojima et al., 1999; Lu et al., 2002; Cowley et al., 2003; Mozid et al., 2003) . The source of the ghrelin responsible for the activation of VP neurons remains to be determined.
The ghrelin activation of spiking triggered by dendritic VP release might be expected to cause the VP neurons to enter into a positive feedback loop via further spiking-induced VP release from the dendrites. We did not see evidence of this because the response was reversible with washout of the ghrelin (although, interestingly, responses to 10 min ghrelin applications did not reverse after 20 min of washout). This suggests either that axonal and dendritic responses are uncoupled from each other or that there is a break in the retrograde signaling after depolarization of the dendrites (e.g., V1a desensitization). The dissociation of axonal and dendritic peptide release has been demonstrated before in VP and oxytocin neurons (Ludwig et al., 1995; Sabatier et al., 2003) .
The ghrelin effect on GABAergic synaptic inputs was potentiated during fasting. Previous studies showed an increase in the sensitivity of hypothalamic neurons to ghrelin during food deprivation (Hewson and Dickson, 2000; Scott et al., 2007) that may be caused by an increase in GHS-R1a expression in the hypothalamus (Kim et al., 2003; Sirotkin et al., 2013) . Similarly, GHS-R1a levels in the vagal nerve follow circadian rhythms and are regulated by feeding status (Sato et al., 2007) . Thus, the regulation of GHS-R1a expression may be responsible for the feeding status dependence of the ghrelin sensitivity of VP neurons that we observed.
Ghrelin's modulation of VP neurons suggests it may link energy and fluid homeostasis. The close relationship between feeding and drinking behaviors is well documented (Fitzsimons and Le Magnen, 1969; Bellisle and Le Magnen, 1981; Engell, 1988) . Drinking behavior is most often expressed during feeding to meet the osmotic requirements of digestion (Fitzsimons and Le Magnen, 1969) . The digestion of solid food during dehydration can be detrimental to survival, and high plasma osmolality inhibits feeding behavior (Watts et al., 1999; Watts, 1999) . The water retention induced by VP secretion during fasting prepares the fasted animal for food intake by maintaining sufficiently low blood osmolality. In addition, ghrelin inhibits drinking (Hashimoto et al., 2007; Mietlicki et al., 2009) , which is in line with VP's antidipsogenic effect and consistent with ghrelin acting through VP release (Pasqualini and Codevilla, 1959; Smith and Mc, 1962; Kozlowski and Szczepnska-Sadowska, 1975; Racotta et al., 1995) . The ghrelin-induced, VP-mediated increase in water retention and decrease in water intake during food deprivation may be responsible, therefore, for maintaining a critical hydration state without losing essential minerals and ions, and thus may play a primary role in the survival of the organism. Like VP, ghrelin has also been implicated in the activation of the hypothalamic-pituitaryadrenal axis during stress; and because fasting presents a physiological stress, there may also be an interaction between the two systems that modulates the neuroendocrine stress response.
